Roy F. Weston. Inc,

Raritan Plaza i, Sute 2B ISO N
101 Fieldcrest Avenue
® Ediscn. New Jersey 08837-3622 /CERTIFIED

DESIGNERS.CONSULTANTS 903-417 5800 ¢ Fax 908-417-5801

July 8, 1997

Mr. Cris Anderson o
Director of Environmental Aﬁ'arrs !
M.A. Hanna Company |

200 Public Square, Suite 36- 5000
Cleveland, Ohio 44114-2304

: 06720-023-001-0002
i
. hl
Re: Product Volume Calculation
L. E. Carpenter Site

Dear Cris:

Attached is the Product ‘V'olumeF Calculation for the above referenced site. Based on this
calculation, the volume of recoverable product at the site is estimated to be 1,500 gallons
to 5,900 gallons. This estxmate'was calculated using the August 1995 product bail-down
test data, evaluated according to the method presented in Determining Realistic Time
Frames For Free Hydrocarbornt Recovery by Michael T. Paczkowski and Stephen M.
Testa. Copies of the bail- down test data and the above referenced paper are attached.

As analytical data associated with soil: porosrty and product specific yield have not been
collected, estimates for these parameters were used based on literature data. Therefore,
the above estimate is considered to be prehmmary and the actual volume may vary. If
required, we can calculate a m<I!)re accurate volume by collecting soil porosity analytical
data and product density and viscosity analytical data. The estimated cost to collect and
analyze three soil and product samples for the above referenced parameters is estimated to
be $3,000.

Thrs information would be used| to reﬁne the estimates of product quantmes However,
~ the rate of recovery will be govemed by many other factors including product thickness
distribution and hydrogeologic mhomogenemes whrch cannot be caleulated, and which

can be significant especially when dealing u‘rrth small thickness of product saturated soil.

It should be noted that the abélve e‘Stff"natt’a differs from the previous estimate of 2,000
gallons as reported in Section 3.5 - Estimate of Recoverable Product (page 3-3) in the
Third Quarter 1995 Progress Report L. E Carpetiter Site, Wharton, New Jersey dated
October 1995. As discussed, no supportmg calculations for the 2,000 gallon estimate
could be found. Therefore, the estrmated volume of recoverable product was recalculated.

J: “i ‘r’
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\WESTEN

Mr. Cris Anderson | | 2 July 8, 1997

If you should have any questions or ‘require additional information, please feel free to
contact me at 908-417-5800. ' '

Very truly yours,

ROY F. WESTON, INC.

Thomas S. Laudicina
. Project Manager

cc:  J. VanNordwick, RMT |
M. Skirka, WESTON

B. McClellan, WESTON! L
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IL.E. CARPENTER SITE
WHARTON, NEW JERSEY

PRODUCT voLjUME CALCULATION

An estimate of the volume of recoverable product was calculated based upon the “true”
product thickness calculated from product baildown tests in August 1995. The square
footage of the product plume was deterrmned using the product footprint from the 8 April
1997 monitoring event. The square footage was then multiplied by the “true” product
thickness to determine the volume of procluct

A “True” product thickness based on inflection point of product baildown testing
graphs (attached) generated usmg the August 1995 data.

MW-1R 0.90 lj
MW-11S 090

WP-A6 017 |
WP-A7 030
WP-A8 002
WP-B3 006
WP-B4 050
WP-B5 0.01

3

B.  Volume of Floating Product

j ,
To determine the volume of ﬂoatmg product at the site, the square footage of
product was calculated lrsmg the “footprint” depicting the extent of product at the
site (see attached figure). The plume has two areas elliptical in shape, where the
product thickness is greater than the rest of the plume, one near MW-1R and the
other near well MW-118. In order to avoid overestimating the volume of product,
the square footage was calculated separately for each of the elliptical areas and the
remainder of the product plume separately, using the true product thrckness for
each area as follows. |

1. The square footage of product was determined for each of the two ellipses:

b
MW-1R ellipse: l(3°141.?159)l‘l’- a=25ft. b=25ft

(25)(25)(3.14159) = 1,963 sq. ft. -
MW-11S ellipse! (3.14159)ab  a=55f. b=70f

| R
(55)(70)(3.14159) = 12,095 sq. ft.



L.E. CARPENTER SITE
WHARTON NEW JERSEY

PRODUCT VOLUME CALCULATION con’t

l

The square footage for the entire footpnnt 82 400 sq. ft. (Based on aerial
extent of product plume as measured on 8 April 1997).

The area of the ti,[allipses ‘was ‘subtracted from the total area:

82,400 - 1,963 -'12,095 = 68,342 sq. ft.

The volume of L produé:t cbntammé soil was calculated for each of the
ellipses and for the surroundmg area by multiplying the area by the true
product thnckness obtamed from the baildown tests.:

a.

Volume ?f MW IR ellipse:

Product gplcknqs =-0.90 foot ('MW- IR)
1,963 sq..(0.90 f.) = 1,777 cubic feet (c.f)
Volume of MW-118 ellipse:"

Product thicknéss = 0.70 foot (average of the true thickness
deterrmned fromWP B4 andMW 11S)

12,095 sq f. (070&) 8,467 c.f.
Volume of surroundmg area:

Product fmckness = 0.14 foot (average of the true thickness
deterrmned from WP-B3, WP A6, WP- A7 and WP-AS)

68,342 sq. ft. (0.14 ft) = 9,568 cf
P ,
Volume of floating product containing soil:

1,777 cf. i+ 8,467 c.f1 + 9,568 c.f. = 19.812 c.f.



Note:

L.E. CARPENTER SITE
WHARTON NEW JERSEY

PRO_DUCT VOLUME CALCULATION con’t

N
i

Volume of Product

\

rr P o
Product occurs in the soil pore space. Based on the types of soils present at the
site (mixture of sands, silts, and clays) a 20% porosity is assumed.

19,812 c.f. soil (20% po#oslty) 3 962 4 c.f. of product (7.48 gallons/c.f.)
~29,640 gallons

| i
Volume of Recoverable i’roduct

| N ‘
The actual rate of recovery is; determmed by the properties of the free product
(such as viscosity), the product thickness, and the properties of the formation
(porosity, moisture content). When the product thickness is small, the viscosity is

high, and the soil moisture content is high, low percentages of product will be

recovered. When the vxscosxty is Tow ( hngh mobility), the product thickness is
large (}ugh head), the formation is porous and low in fines, and the moisture
content is low, higher quantmes of free product can be expected to be recovered.

y 1E
Since site conditions at the site are expected to be a combination of the previously
listed factors, and limited mformatron is available, a range of recoverable product

volume has been calculated based on recovery rates generally quoted in the

literature ( 5% to 60%)

Lower end estimate: 5 29,640 gal. (0.05) = 1,482 gal.

Upper end estimate: | 29,640 gal (0.60) = 17,784 gal.

i%
The “common” recovery rate of 20% to 30% as quoted in the literature may be a
realistic estimate. :

20% recovery estimate: 20,640 gal. ( 0.20) = 5,928 gal.

60% recovery estimate: | 29,640 gal. (0.30) = 8,892 gal.

An estimated 409 gallons of produc’t has been recovered to date (Jan. 1995 to April 1997).

1;
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. WP-B3

TABLE 4

Bail-Down']

Fest Performed At WP-B3

__Specific Gravity = 0.94

ELLAPSED

DEPTH TO PRODUCT |

DEPTH TO WATER _

TIME

(FEET) .

FEET)

_0:00:00}

'10.36

10.40

0:00:22

10260

10‘32

0:00:45

10.18

_10.26

0:01:12]

10.11

10.20

0:01:35]

~10.15

0:02:03

. 10.06 .

10.02 .

10.10

0:02:29]

:9.98

~10.07

0:02:56

:19.96

10.02

0:03:21

|
o 9'9,3.‘ b i

_10.00.

0:03:43|

19.92 .

9.97

0:04:07

"9.90

_9.95

0:04:29

_'9.89 '

9.94

0:05:001 -

_992

0:05:26

T9.88

987

9.91

0:05:54

19.86.0

9.90

0:06:24

9.85 -

_9.89

0:06:57

T0.84

9.89

0:07:24|

. .984

Y

0:07:54

i 9-83,‘~ ‘»\ -

987

0:08:22

N T

9.86

0:08:58

9.86

_0:09:27

! 9.834,'._‘_.‘.“_..‘,.‘..‘_.
Te.82°

9.86

0:09:58

X N

9.85

10:10:59

. 9.81

_9.85

0:12:00

| 9.80.

9.86

0:12:47]

"9.80"

9.85

0:13:50

_9.86

0:14:54

" 9.86

0:15:59

979

9.87

0:16:56

T 979

—9.87

- 0:18:01

- 9.78

9.88

0:19:16

T 9.78

9.89

__0:21:41

_9.91

0:24:23

. 9.78 .

' 9.78

9.92

0:26:45

937 T

_9.93

_0:29:09

9.77

_9.95

0:31:40]

—9.78

_9.96

0:34:26

9.98

0:37:33]

L 9.78

_10.00

. 0:39:43

10.01

0:42:16

9.77 '
9.78

_10.04

0:45:13]

9.8

1008

- 0:47:46

10.11

0:50:23

9.78

. Pagel‘-

10.10




__Bai-Down Test Performed At WPB3

Specific Gravity = 0.94

ELLAPSED

“DEPTH TO PRODUCT

TIME

_{FEET)

DEPTH TO WATER |
~ (FEET)

0:53:20

:9.79 .

10.11

0:56:25|

_10.12

1:00:51

—9.797 |

10.13

_1:05:18

877 . ..

_10.15

1:06:44

19.77_

10.15

- 1:18:25

_10.18

T 1:44:23

977

19.75 i

10.26

2:01:08

19.76

10.30




WP-B3 Chart 1
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WP-B4

TABLE 5

—Bail-Down Test Parformed At WP-B4

“Specific Gravity = 0.91

“ELLAPSED

DEPTH TO PRODUCT

—_ DEPTHTO WATER ___

TIME_

(FEET)

_(FEET)

0:00:00

8.40

_8.90

0:00:11

8.41

8.90

0:00:37]

8.39 .

8.89

0:01:05]

8.89

_0:01:39

838

__8.38

8.88

0:02:04] _

837 |

8.89

0:02:34

836 . .

_8.90

_0:03:08

836 . .

8.91

0:03:43

8.91

0:04:23

836

8.36

8.91

0:04:53

__ 836

8.92

0:05:46

_8.93

0:06:26

835

8.35

8.93

__0:07:08

B3

8.94

0:07:55

834

8.94

~ 0:08:35

8.34

.8.94

.0:09:05

0:10:50

8.96

0:11:55

8.34

8.97

0:13:02

838

8.97

~ 0:13:58

8.34 .

_8.98

- 0:17:05]

8.33 |

.8.99

~0:18:14

833

_.9.00

0:19:43

833 =

__0:21:21

_.8.33

B 9'00

0:37:47]

832

908

0:43:12

9.09

- 0:48:08

'8.32
T1832

9.10

0:54:37

_9.12

1:06:34

832 0 |

—9.15

_1:25:20

8.32 .

' 9.18

1:37:23

— 831

9.20

1:46:04

831

9.23

- 2:31:33

829

9.29

3:31:53

'8.30

9.37

~ 4:03:37 7

'8.30

i i

Pagg 1

__9.41




0:00.00

0:14:24

0:28:48

WP-B4 Chart 1

WP-B4

0:57:36 1:12:00 1:26:24 1:40:48

Pagé 1



Bail-Down Test Performed At WP-AB -

_Specific Gravity = 0.95

ELLAPSED

" DEPTHTO PRODUCT | DEPTH TO WATER

_TIME_

(FEET) '~ ___(FEET)

0:00:00

1394 | 13.95

0:00:30 |

1394 | 13.95

0:00:56

1394 | = 13.95

0:01:28

0:01:58

'13.94 13.96

1384, . . | 1397

- 0:02:31

1394 | 13.98

0:03:03

113.94 . 13.98

0:03:38

11384 | —13.08

0:04:11

13.94. __13.98

0:04:39

11394 _13.98

0:05:10

~113.94 | 13.99

0:05:43_

13.94 L1400

__0:06:14

‘1394 | 14.01

0:06:47

1394 ., 14.01

0:07:16

1394 | 1302

- 0:07:51

1384 | 14.02

0:08:30

. 13.94 13403

'0:09:20

1394 | 14.04

0:10:03

13.94___ 14.04

0:10:35

'0:11:32

1 13.94 | 14.05
1394 K 14.06

0:12:24

11394 .| ___14.06

0:13:23

0:14:22

11394 - | 14.06

0:15:02 | 13.94 e T R
0:15:53 713.93 12.08
0:16:44 3.93 | 14.06
0:17:42 "13.93 —4.08
- 0:18:45 13.93 | 14.09

0:19:22

. 13.93 ' ~14.09

0:20:09

., 13.83 14.10

0:27:29

(1393 . - | 14.12

0:37:33

1 13.93 . 14.14

0:50:35

- 13.93 . . 14.19

0:58:38

1393 ] 1a

,': . Page 1
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MW:11(S)

"~ TABLE 7

Bail-Down Test Performed At MW-11(S)

Specific ¢

avity = 0.93

ELLAPSED _

DEPTH TO PRODUCT

DEPTH TO WATER

TIME " (FEET) - (FEET)
0:00:00 9.75 . ~10.60
0:00:25 9.80° ' !

10.58

0:00:52

9.78

10.57

0:01:25

9.76 ' - |

10.57

0:01:49

9.75

10.56

0:02:19

9.74 .

_10.55

0:02:49

9.73

10.56

__0:03:18

9.73

10.55

0:03:48

10.55

0:04:15

— 9.72_

10.56

0:04:47

.71

10.56

0:05:19

_9.71

_10.56

0:06:17

570 T

10.57

0:07:06

9.70 _

10.57

~ 0:08:16

9.70 -

10.59

0:09:22

— 969

10.60

0:10:24

9.69

10.61

0:13:23

9.69

10.64

0:16:27

968 |

10.65

0:22:25

9.68 .

10.70

0:30:22

9.67

_10.75

~1:18:37

10.95

1:30:01

9.66

_10.96

2:16:36

__9.65

11.03

__2:46:58

9.65

_11.08

1
I

 Page 1
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WP-A7

—ABE T

_Bai-Down Test Performed At WP-A7

___Specific Gravity = 0.97

ELLAPSED DEPTHTO P ucCT DEPTH TO WATER

TIME o (FEET ; _ (FEET)

0:00:00 57 11.76

0:00:31 T 11.87 196

_0:01:04 1149 - | 11.72

0:01:36 1148|1169

0:02:10 _ 1146 | _11.67

0:02:38 1145 = 11167 _
0:03:04_|_ 1143~ .67

__0:03:34 1142 . | 11.66

0:04:06 . 1141 _11.66

0:04:40 11,40 . 1166

0:05:15_ 1140 1167

__0:06:19 137, 11.67

0:07:17 | 11364 ___11.67

0:08:15 11387 T _11.68

0:09:25 11.34 . - . L 11.70

_0:10:15 | 1138 11.74

0:11:08 ‘ 1134, - 1 11.74

0:12:24 | = '11.34° 1175

0:13:11 1133, . | 11.75

0:14:08 \ N33 1 11.76

0:15:02 1132 _11.76

0:16:02 11,32 L 11.78

0:17:23 11.31. 199

" 0:20:41 - 11.81
0:2238 | 1130 | 11.84

0:25:51

_0:28:32 1.29. . . | T

0:31:41 11.29 . 11.94

0:33:51 11,28 11.96

0:37:57 | 111,28 . - o 12.00

0:40:42_ i11.28 7 1 12.04

0:45:13 | 111,28 | . 12.09

_0:49:57 1130 0 1 12.15

0:54:39 | 1127 ~ 12.22

_1:02:48 (1128 | 12.32

1:17:07 . _1126 | _12.43

_1:3807 | 726 | 1259

Page 1

11.88




WP-AT7 Chart 4

0:14:24 0:28:48 0:43:12 0;57:38 1:12:00 1:26:24 1:40:48
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MW-1{R)

—

TABLE 88

_ Bail-Down Test Performed At MW-1(R)

Conducted on 8/16/95 .

Specific G_ra,vi_ff@y = 0.90 '

—

ELLAPSED DEPTH TO PRODUCT | | DEPTH TO WATER

TIME B (FEET) L 1 (FEET)

0:00:00 11.65 1 1256

0:00:30f 1166 ¢ 1. ' 1257

0:01:00{ __11.65 . L 12.57

0:01:35 1165 [~ 1256

0:02:15 ~11.65 [ 12.56

0:02:52 11.65 il . 12.55

_0:03:22 _ 11.65 I _1256

0:03:54 11.65 ., 1. . 1255

0:04:22 11.65 i ... 12.55

0:05:27] 1185 | 12.56

0:07:05 11.65 ‘ 0 12.56

~0:08:20] = 11.65 oo b T 1256

0:09:35] 1nes - [ 12567

0:10:20 11.64 N 12.57

0:11:45 11,64 | 12.58

0:12:59| 11.64 12587

0:14:12 .64 |7 12.58

0:15:15 " 11.64 T 12.88

_0:20:20 , 11.656 12,59

0:23:55] 11.64 - | 12.60

0:27:25 1164 | 1260

0:32:05 1164 i 1262

0:34:40 11.64 » B 12.62

_0:39:20 T 11.64 | T 1263
. 0:43:28 11.64 — 1264

0:48:50 64 T T 1268

0:54:50 1164 | | 12.66

0:59:50{ 11.64 bt 12,687

1 :04 .50 . 11 .64 I oo 12.67

1:07:35] 1164 | 1268




MW-1(R) Chart 2

' MW-1(R)

0:00.00 0:07:12 0:.14:24 0:21:36 0:28:48 0:36:00 0:43:12 0:50:24 0:57.36 1:04:.48 1:12.00

11.50
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“ ,rformod' At WP BS

<

Not Enough Product Thlckness to Measure Specific Gravity |

ELLAPSED DEPTH! ’TO PRODUCT " DEPTH TO WATER

TIME | (FEET)

"~ 0:00:00 877

- 0:00:18 . 8.72

0:00:43 - 8.70

0:01:13 - 8.69

_0:02:40 - 8.68

~0:03:07 —8.67

0:03:41 ~ 8.67

_0:04:11] _ 8.67

0:04:52 . 8.66_

0:05:26

l S 8-,66

0:06:12 6T

0:07:43

_0:08:57] ._8.68

867

0:10:56 " 8.68

0:18:56

0:25:16] . ~ 8.68

~0:40:40 - 8.68

. 0:58:03]

1:09:54] " 8,70

1:18:42 . "

‘1.. e 8?6-9

2:01:53 865 8.70_

—3:05:48 871

; 8..68 B

870




WP-B5 Chart 1

A WP-BS

0:14:24 0:28:48 0:43:12 0:57.36 1:12:.00
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DETERMINING REALISTIC TIME FRAMES
FOR FREE HYDROCARBON RECOVERY

i}

| Michael T. Paczkowski
Géraghty and Millér Hydrocarbon Services
West Chester. Pemg:ylvama ;

:f

| Stephen M. Tesia

Engineering Enterprises. Ine.
Long Beach. California

ABSTRACT

Free phase hydrocarbon product occurs as perched 20oes on the capillary (ringe
beneath numerous petroleum-handling ficilities. Under such site coaditions, to0 much
emphasis is placed on the time frame required for remediation by federal, state sad
locai reguiators, notably in u‘;speet, to moanitoring the efficiency and effectiveness of
the respective remediation program. The time required for remediation within the
scope of preseat day technology is a; calculated or educated guess at best. Typically,
remediation durstion is determined by.a number of estimates. These estimates have
innate compounding errors.  Areas ‘of, estimation include physical measurement
accuracy,"true” versus apparest thiekness, validity of bail-dowa testing, extrapolatioa
of free hydrocarbos prodﬁctiithlckdgsn:: between monitosiang points, contouring of
thickoess maps, extrapolation of geologic information, planimetering and estimation of
porosity, specifle yield aad reteatiod! all of which are key factors used In ultimately
determining the volume of free hydr‘g‘eatbon product ia place.

Once an initial estimated volume is determined, pilot testing of a recovery system
should commence to determine. recovery rates.

Factors that wiil affect recovery rates include the areal distribution and geometry of
the free hydrocarbon plume, type and aumber of recovery system(s) selected. and the
performance or efficiency of these systems with time. Effectiveness of the recovery
Program is thus hest estimated/based oa volume recovered to date divided by the total

volume that is considered reco?euble..

Remediation time frames at ;j[!r\u hydrocarbon recovery sites cas be estimated.

Ho,wever_. regulators at slf leveis needito be aware of the large number of compounding
errors associsted with these caleviations: Estimations should be used with extreme

caution, because they are ususily overestimatioas. Oace 3 realistic time frame for
remediation is mutaalily a‘gned‘iiupon.' it should be clearly understood that it Is flexible.
ltis recommended that 8 range beinitially determined and that as a project progresses

2ad new data is lntroduced, thé remediation time frame be adjusted accordiagly.



INTRODUCTION

A large number of petroleum-handiiag facilities, including petroleum refineries, are

included oa the U.S, gaviroq;;mig;ul Protectios Agency’s Natiosal Priorities List (U.S.

Eaviroameatal Protection Agency, 1986). 1la the Los Aageles Coastal Plaia, for
example, 2 minimum of 17 oil refineries and task farms have been designated as heaith
hazsrds. This designation reflects the petroleum residues from such facilities that
migrate through the subsurface resulting ia the preseace of free bydrocarboa plumes
os the capillary fringe overiying the water table. Although several of these refineries
are listed a3 hazardous waste sites sad remediatios is being promuigated uader RCRA,
a majority of such facilitles are nddergoing remedistion under the Califoraia Regional
Water Quality Coatrol Board Order 85-17 adopted g February, 198s. This order
requires, in pare, deiiaestion of free hydrocarboa plumes and other growndwater
poilutants which may sffect subsurface soils aad/or grounsdwater under such facilities.

subsequent recovery of free hydrocarbon, aquifer restoration (dissoived phases) and
sail remediation (residual hy’_dr’b;ea;bon). ‘

Subsurface site temediation Bbfi#;' with delineation and estimations of the volume of
free hydrocarboa present. Some of these (ree hydrocarbon plumes encompass tens 1o
hundreds of acresin lateral extedt and up to severaf hundred and thousands recoverable
barreis (42 gallons/barrel) in total volume. Howerver, it is generaily estimated that up
to only 50 percent (aithough typicaily 20 1o 30 percent) of the tetal pore voiume of free
hydrocarbon present “\ recoverable by conventionsl means.

As part of the regulatory process, the reviewing ageacy requests not oaly iaformatioa
regardiag lateral extent, but slse’'evaluation of total volume present, percent recovered
to date if recovery has been in progress for some time sad the overall time frame for
complete recovery of sl free hydrocarboa. This laformation is thea used to monitor
the ef{ficiency and effectiveness of the recovery and oversil remediation program. To
Accurately respond to these requests is difflcale. This difflcuity reflects problems

associated with dcunu;iagtlpﬁj]oﬂ producét type, true versus appareat thickness and
notably, free hydrocarbﬂon'prodr[‘i,é}ti;volinmc in-both passive and sctive systems. Presented
ia this paperis a2 discussion of the difficulties aad limitations eacountered in estimating
volume aad recoverability of free hydrocarboa product. Also presented are two case
histories illustrating the probléms associated with volume determinations aond their use
in monitoring the effectiveness of the free hydrocarbon recovery programs. Noi
discussed is the migration of petroleum Bydrocarbon ia the subsurface which is
presented by Schwiile (1967), API'(1980), Farmer (1983) and Dragua (1988).
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YOLUME DETER&IINATION DIFFICULTIES

Fleid Measuremeant Techaiques

Free hydrocarbon produ‘:ct in the subsurface is typicaily dellneated 2ad messured by
the utilization of groundwates monitoring weils. The thickness of free hydrocarbon
product in 3 well Is ty’pfi’s'ally determined using either a steel tape with water-and-oil-
finding paste or commerciaily ;'_gvggiillble electromic resistivity probes. Either methad
€aa provide data with g 3ccuracy'1o 0.01 of a foot. However, if the free hydrocarbon
product Is emuisified or highly viscous. signilicaat error cam resuit. Ia addition,
;n_unn:uun using electroaic registivity probes cas be misleading if the battery source
s weak. o ,
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Agpuut Vgr:u: True Thickness

While monitoring weils have provided some insight as to the exteat and geaeral
geometry of the plume, as wei| as the direction of grouad water flow, difflcuities persist
in determining the "true” thliekncs‘:;i‘(ﬂaumn; 1988%) agd, therefore, the volugc aad
ultimately the duratios of recovery and 'nquiauqn. One difflcuit aspect of moaitoring
subsurface hydrocarboas Is that accumiulations in monitoring wells do not directly
correspond to the actual or miie thickaaess ia the formation (Blake and Fryberger, 1983;

Blake 2ad Hall, 1984; Hall, ot al., 1984), o

The thickaess of free hydrocarboa product as measured la 3 moaitoriag well Iis an
4ppareat thickaess rather thas o “ttue” or formation thickaess (Blake and Hall, 1984;
Hall, et al., 1984). The difference betweens “true® and apparest thickaess has beea
sttributed to the capillary fringe. The capiilary friage height is depeadest upoa the
graia size distribetion as summarized ia Table | (Bear, 1979). Coarse grained
formations contaia large pore spaces that greatly reduce the beight of the capillary
rise. Flne grained formations have much smaller pore spaces which allow g higher
capillary height. “

i

 TABLE 1 |
GENERAL CAPIL;ARY RISE FOR CERTAIN SOIL TYPES

b

Soil Type D Capillary Rise
. (inches)
Coarse Sand _ 3/4 - 2
Sand | 4 - 14
Fine Sand - Lo 14 - 29
silt SR EEPY S
Clay N 78 - 1c0+

Since hydrocarboa and water are immiscible fluids, the hydrocarboas are perched oa
the capillary {ringe above the actual water table. The typical physical relationships
that exist ig illastrated in Figurs 1.

Since the free bydrocarbon prod;'uct oce‘m'; within and abave the water capillary (ringe,

omce the monitoring weil pesetrates and destroys this capillary friage, free hydrocarbon
product migrates inte the weil bore. The lree water surface that stabilizes is the weil

will be lower thaa the top of tbi‘c surrouadiang capillary (riage in the formatioa, thus,
hydrocarboas will flow into the weil from this elevated position. Prodsct will continne
(0 flow iato the well and depress the water surface antil a demsity equilibrium is
established. To maistain equilibriuem, the iweight of the coelums of hydrocarbos will
depress the water levei in the well bore. Therefore, a greater apparest thickness is

measared than actually exists in the formation.
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The measured or 'ippar?‘nt' hydrocarbon thickness is sot oanly dependeat upon the
capillary fringe but aiso by the actual hydrocarboa thickaess ia the formation. Thus.
the measured or "appareat® hydrocarboa thickness Is greater for flae grained
formations aad less for coarser graised formations which may be more represeatative
of the true thickaess. In areas of reiatively this hydrocarbon accumulatioss, the error
between the appareat well thickaess and actual formatioa thickness cas be more
proscuaced than ia areas of thicker accumuistions. The larger error reflects the

relative difference between the thia layer of hydrocarboa ia the formaties and the
height it is perched above the water table. The perched height is coastant for thick
aad thia accumulations: hawever, 8 thick accumuistion can depress aad even destroy
the capillary fringe. The reiative differsnce betwees apparent and "true® hydroearbon
thickness increases with decressiag formatioa graia size sad lacreasing specific gravity

of hydrocarboa (Hail et al., 19%84).

The thickness measured Ia a mositoriog well with free hydrocarben product situated
on a perched layer st some elevation above the water table, can produce even larger
associated thickneéss error. This commonly occurs when the well penetrates the perched
layer and is screened from the perching layer to the water table. The hydrocarbon
then flows into the weil (from the higher or perched eievation. The accumuiated
apparent thickness is a direct result!of the difference of their respective heights. If

a situation such as this exists, a greater error or difference and weight of the column
of hydrocarboa should be “ae’eouqud‘ for in determining true thickness.

Additionally, fluctuations in the water table due to recovery operations or seasonsl
variations have s direct effect upoa the apparent or measured hydrocarbos thickness
(Yaniga, 1984). As the water tible elevation declines gradually due to seasonal
variations for instaace, an exungaud appareant thickness occurs reflecting the

additional hydrocarboa: that accumulated in the monitoriag well. The sameis true for

aa area undergoing recovery. onq;‘g‘i;_(buth‘qu‘ the groundwater elevation is lowered
through pumping, thicker “lpp’ah‘;lt thicknesses may be observed.

The reverse of this effect has been documented at recovery sites. \Whea sufficient
recharge to the grouddwater system through seasonal precipitation events or cessation
of recovery weil pumping occurs with the water table at 3 slightly higher elevation.
thinner hydrocarboa thicknesses may be observed (Yaniga, 1984). During this situation
3 compression of the capiilary zoae occurs, lessening the elevation difference between
the free water table and tlj:e hydrocarbon which reduces the apparent thickaess.

i 4

Empirical A'p.pr;"of,ich To Estimate Volume

Prior to initiation of a fru,]j hydédcarbon recovery strategy, the total hydrocarbon and
recaverable hydrocarbea volume is estimated. This estimate is dependest oa the
determination of true hydrocarbos thicknes:i which caa be derived empirically or in
conjunction with bail-down testiag fleld methods. laitisily, the measurement of
apparent free hydrocarbom product thickaesses is mogitoriag weils is condueted. The
data generated is then used to develop am ippareat hydrocarboa thickaess contour
(isopach) map. Oace developed, plasimetering is performed to derive the aresi coverage
of lacremental apparent l!fy’diroex;'[vbop thicknesses. The greater the ¢overage aad
aumber of data poiats (@qnfitééi,ng"“:;volls). the smailer the chosea incremeat for
planimetering, Although a‘ppucﬁt thickaesses caa vary betwees moaitorisg poiats
dependiag oa the thickaess #t the capillary friage, calculated thickness values between
moaiteriag points are approximated. . Thas, the capillary ringe, hence the apparent
thickaess, is assumed to be'coastaat betwees mousitoring poiats. Upoa completion of
plasimetering, the volume of soil escompassed by the free hydrocarbos product plume
(Vs) is estimated. This value is thes muitiplied by an "sssumed® porosity (@) value,
based oa sail types escountered during the subserface characterization process to
calculate the total apparent volume (Va) present as shows below:



Va = Vs x Q, where

Va = Total Appareat Vo};lumc o{ l:-fl;‘yd;roearfhn Preseat

Vs = Volume of Soil Eacompassed by Free Hydrocarboa Product
Q = Porosity (assumed)

Since the water table as n‘ieuurlqidﬂ lo, the v;jcll is depressed by the weight of the

hydrocarbos, a corrected dcﬁth‘ to water is calculated:
PTap = DTW. DTP

CDTWs= Static DTW - (PTap x G), where
! ot
CDTWa Corrected Dep(hifto Water
b

DTw =-Depth to Water, fnusurid ‘
DTP = Depth to Product, measured

PTap = Apparent P‘roduc’%ﬁ'r Thickness “
| o | 3
G = Specific Gravity of Product at 60° F.

A correction factor Is'then applied for capillary fringe effects. This factor Is
empirically derived uﬂectin;{;th‘c corrected depth to water as shown below:

Capillary Fringe (CF) = ('CfDT\V -lDTl!’) = PTae, where
CF s Capilhry’ Fringe ‘i‘bichq:;

CDTW= Corrected Depth to anqr‘.‘ calculated

DTP = Depth to Pfoduct.‘imeain’;'gti;'

PTac = Actual Product Tﬁicknsi

Calculation of total apparent iivolunefdgc'_:ip(. however, take iato consideration the

specific yield of the formation. Spc%‘i‘t;l‘fe,'\ yield is the percestage of the mabile free
hydrocarbon product which will drain aad be recovered under the influences of gravity.
This value is dependent os flow characteristies of the bydrocarboa as weil as the
geologic formation characteristics. Typical values may rasge from S to 20 percent.
The total appareat volume is muitiplied by aa “assumed® specific yield for the

particular area to obtais the volume of recoverable hydrocarboas:
H ‘ o ‘ ‘

!
1

, = Sy x Va, wh@ro
H, = Recoverable Hydrocarbos
Sy a Specifle Yield

| ;
Y2 = Total Apparent Volume of Hydrocarbon Preseést



Field Approach To Estimate Volume

I3 liew of using aa empirical approsch as discussed sbove, total apparest volume can
be calculated using “true” thickness vajces derived from bail-dowa testing. Bail-dowa
testing is a widely used fleld method to evaluate the “true® thickaess of free
hydrocarbon product ia a mogitoring weil. Bail-dowa testing was originally used as a
field check method to determing potential locations for free hydrocarboa recovery
weils, All monitoring wells) at .a site that had a measurable thickaess of free
hydrocarboa product were tyDically tested. Whether or sot all the free hyd.nurbou
product could be removed from the weil aad the volume of hydrocarboa bailed were

geaeral indicators of sreas foi *potentislly good® recovery.

Ball-down testing fleld procedures are similar to these pcrfo‘rscd' for ia-situ
permeabillty tests sad lavolves the measuring of the initial "apparent” thickaess in the
monitoring weil by an qiléﬁitej# iaterface gauging probde. Osly free standing
hydrocarbon is then bailed from the well uatil all of the hydrocarboa is removed or
no further reduction in thickness can be achieved. Measured over time are levels of
both depth to product (DTP) aid depth to water (DTW). Typically, the time incnmcpts
for measuremen: follow the same sequence ag monitored during an aquifer pumping
test. The test is coasidered complete whean the weil leveis have stabilized for three
consecutive readings or ifa signiflcant amount of time has elspsed and the leveis have
reached 90 percent of tlru original messurements. ‘
i oo ! :

If the apparent thlekncvls is greater thaa actual thickness, and the thlckngl in u;u'
well has been reduced to less thasa true during bailiag, thea at some point duriag fluid .
recovery the apparest thickness equais the true thickness (Gruszczeaski; 1987). During
recovery of fluid levels in the weil, the top of product ia the well rises to its original
level. However, the top of water (prodact/water iaterface) laitially rises and then
falls. The fall Is due to displacement of water ia the well reflecting am over
sccumulition of product on the' water surface. The point at which the do’pﬂl’-tof\nur
graph changes from a positive to negative siope is referred to as the "laflection point”.
At the "Iaflection poiat®, the measured thickaess is interpreted to equal the true
thickness. ‘

Bail-down tesis involve the estimation of true thickness via the graphical preseatation
of depth-to-product. depth-to-water 20ad thickness versus time 13 measured duriang the
fluid recavery period in each well (Figure 2).
[ ) : . .

An "Inflection point tlmé", correspondiang to the “inflection poiat® om the depth-ts-
water graph. is deurmiacf‘d frosi which the true thickaess can be estimated on a graph
showing thickness versus time. Typically, two basic curves are produced (Gruszezenski,
1987): type one curves reflect wells with product accumuiation less thas several in¢hes
while type two curves reflect product sccumulation greater thas 12 laches. The latter
iadicates an inflection poist prior to stabilization of prodiuct and water levels, and has
been reported by Gruzcz;gaskl (1987) to indicate a 70 to 95§ perceat reduction between
the apparent and actual thicksess.

When bail-dowa test nsuhlu‘ dhl;,;ijd‘(‘ «cba’tonﬁin to the theoretical response aaticipated,

maximum theoreticsi values can be determined by subtracting the static depth-to-
product from the corrected depth-to-water. Thickaesses provided ia this maaser are
coaservative in that trye thickaesses must be less thaa or equal to these valses, and
thus, overestimates the actaal thickaess by sa amount ¢qual to the thickaess of the
capillary zoae. ‘ !



Although bail-dowa testing is a telatively simple fleld procedure, the aaaiysis and
evaluation of the data is speculative. The method contains a aumber of steps where
errors can easily be introduced. Bail-dowa testing resuits sre relied upon to determine
“true” thickaess in a moanitoring weil aod is an initial step and basis for calculating a
volume and subsequently s recoverable volume. Some of the sress where error(s) can

easily be latroduced inciude: ”

0 Accitracy of the u‘luwfri‘u dcnc‘e used for the initial gauging and recovery of
the leveis after baiilag; .

o Operator error in messurisg ggd recording levels with time:
o Inability of operator to collect uily recovery data due to rapid risiag weil levels;
o Bailing groundwater l_n;l;,ad,dlﬁll:'opio product from a low yieldiag formation;

o Lack of 2 theoretical ‘riesp‘oas"g or inﬂectlon point due to an inordinate length
of time for water recovery;

o Variable accumulation rates of product caused by borehole effects: and

o Evaluation of type cur’vf;jcs ud]sele:gtioa of an inflection point.

If bail-down testing has innte‘;coniqi{ndhg errars withia itself, these errors can only
be further compouaded since the remaining calculations, extrapolations and evalustions
are based upoa this Initial step. Although discussion of the validity of bail-dowa
testing to determine "true*® thickness is beyond the scope ol this paper, this procedure
remains essentially uaproven. Howevér, this method caa be used as 2 useful supportive
tool in comparing the true thickaoess ‘dats geoerated from bail-down testing to those

derived empiricaily, thus, resulﬁtlu 3 range ‘ro‘r, total free hydrocarbon product volume

present and subsequent r,econri;able amdunts,
. l‘ . “qu . C o
RECOVERAB!LXTW OF FREE HYDROCARBON PRODUCT
Relative Permeability

The patential for recovery of free hydrocarbon product is governed by the viscosity,
density and true saturated thickness of the hydrocarbon ia the formation, the resicual
water saturstion and the permenbilityiof the formatioa. These factors determine the
relative permeability of the forinatioqu‘;(o” the hydrocarboa. The relative permeability
'S 2 measure of the relative ability of hydrocarboa and water to migrate through the
formation as compared to a sicgle fluid. It is expressed as a fraction or percentage of
the permeability in 5 siagle fluid system. Relative permeability must be determined
experimentally for esch formatioa material aad each combination of fluid saturations
and fluid properties. During hydrocarboa recovery, their ratios are coastantly
changing, Graphs of refative permeability are geaerally similar in pattern to that
showa ia Figure 3. 3 I . | l

Some residual water remains ia the pore spaces. but as discussed by Levorsen ( 1967) and
Hlustrated In Figure 3 (siso presented by Levorsem), water does not begia to flow
through the example material uatil its water saturatioa reaches 20 percent or above,
Water at the low saturatios is laterstitial or "pore® water, held by capillary forces,
preferentially wets the materisl aad fllls the figer pores. As water saturation increases
from $ to 20 percent, bydroéulpu saturation decreases from 9$ to 80 percent where,
to this poiat, the formation permits only hydrocarbos to flow, st water. Where the
Curves cross (at a saturstion of 56 percentifor water and 44 'percent for hydrocarboa)
the relative permeability is the same for both fluids. Both fluids flow, but at a levei
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of less than 30 perceat of ,w“hja__»t esch fluid’s flow would be a¢ 100 percent saturation.

7

As the water saturation rises. the water flows more freely and hydrocarboas flow
decreases. When the hydrocarboa saturation approaches 10 perceat, the hydrocarbon
becomes immobile, allowing osly waterto flow. For the example given. the hydrocarbon

cesidual saturation is 10 peérceat pore saturatios limited by the fluid deasity aad
viscosity and the formatios permeability,

The reiations shown: in Figure 3 have 2 wide application to problems of fluid flow
through permeable material. One of the most lmportaat applications for recovery of
hydrocarboa is that |there ‘ma. '
occurs. Thus for bydrocarboa (the acawetting fluld), there muse be winimum of §
to 10 percent saturation of the pore space before the fluid cam move through the
partially-saturated or unsaturated formasatiom and sccumasiste. Coaversely, every
hydrocarbon accumulation has a g‘fq‘unllxzy of hydrocarboa which is not mobile siace it
Is at or below a ;awrajtlo‘n of § ;fa 10 percent also exists, and is thus not recoverable.

Residual Hydrocarbon

The recoverability of ljydrocarbo;g from the subsurface refers to the amount of mobile
hydrocarbon avail;blel; Hydrocarboa that is retaioed ia the unsaturated zome is not
typically recoverabie by convedtional meaas. Additional amounts of hydrocarbon that
ire unrecoverable by| coaventional methods isclude the immobile hydrocarbons
associsted with the water table capillary zone. Residuai hydrocarbon is pellicuiar or
issular, and is retained in the aquifer matrix. la gemeral, as viscosity of the
hydrocarboa increases aad graia size decreases, the residual saturation increases.
Typical residual saturation values for uasaturated, porous soil are preseated by

; i bl

Coacawe (1979) aad tabulated ia Table 2.
3 T

TABLE 2
'T.YPICAL RES_IDq['AL SATURA’I‘ION VALUES FOR UNSATURATED SOIL
Soil | ( 0il Retenticn Capacity
Type (liters/m’)
Stone, coarse ﬁgravé;;l ; | 3
Gravel, coarse sand 8
Coarse sand, m.cdium" sand 18
Mediun sand, mediun sand 28

Fine sand, sile = 40




These values are then mu‘lth”:llod’hf;y] ib“nf"fﬂdg factor to accouat for hydrocarbon
viscosity. Correction factors for fil?f'tc‘rinl hydrocarboa types are:

o 0.5 for low viscosity produc‘t# (gasoliae);
o 1.0 for kcrouacg_,nd,p;ts o:l,nd o
0 2.0 for more viscous olfls.

The American Petroleum lni;tltutc _7‘:('179,.80) bas presested some sini!ar guideliaes for
estimating residual saturation. Ba(j'gg;;thcir work oo a “typical” soil with 3 porosity
of 30 percent, the API gives residuail saturation values soted as a percentage of the

total porosity of the soil as l?llow’s:,r-
O 0.18 for iight oll and gasolineé; -
o 0.15 for diesel and light f"uef"l“jlécl:‘il;};nd
© 0.20 for lube and heavy fuel oils.

Similar studies done by Hall. et al. (1984) oa hydrocarbon, of lower API gravities (i.e..
gravitles betweea 34 and 40 degrees) show that specific retention for more viscous
hydrocarbons cas range between 35'to 50 percent of the pore volume (or fine sands
with porosities of approximately 30 percent. The loss due to retention in the aquiler
as the hydrocarbon migrates to the recovery well caa be sigiflcaat. Wilson and Coarad
(1984) claim that tesidual losses are much higher ia the ssturated z0a¢ (l.e, capil-
laryzone) thes in the uasaturated zone. . ‘ '

Comparisoas of the estimated volume to' the actual volume recovered proves to be the
oaly reasomable procedure f(or assessing the recoverable volume coasideriag ail the
varizbles involved. These comparisoas indicate that the volume of hydrocarbon
retained in the aquifer is hlgh;ﬁu thas published residual satusation values. Based oa
experience for gasoline and log[v viscb‘f‘s‘i‘t"y; ‘hydrocarbeas, the recoverable volumes have
fanged from 20 to 60 percent of the pore volume ia flne to medium sands.

. Other Factors
1 . i :

In addition to factors coucrni‘tiig rel:;ijvgjjpericab,ility aad residual hydrocarboa, areal

distribution of the plume and site specilic physical coastraints caa have a sigaiflicant

impact upoa the degree of recoverability. A relatively smalil plume ia areal extent with

concentrated thicknesses is more recaverable, for example, thag a thia plume with a

large areal distribution. Site specillc physicsl constraiats may have s @sjor impact

upon the recoverability of thcﬂnlnnqji; The problem centers arouad the difficuity ia-
locating recovery well(s) In their optimum location withoat conflicting with the facility

layout. Furthermore, most recovery "?"p‘r'e';'nul generate contaminated growsdwater. .
Dependlu 08 the size of the facility asd the scale of the recovery project, the

recaverability of hydrocarbon aand respective time frame may be limited 20d Nighly

depeadent os the smowat of \water. the facility cam handle, and the subsequent

trestment aad dispossl options available (Pacakowski et al., 1988).




CASE STUDIES
' Case Study A

The site for Case Study A is a 100-acre abandoaed hydrocarbom bulk storage tank
farm. This case study";‘iis an _gxce*luu example of the relationship between the effects
of recovery and volume determinatioas since the site will oot have s continuai recharge
of hydrocsrbon o the existing plume. This case study is aiso discussed since it preseats
& scenario whereby the fullest effects of recovery on the total estimacted volume and

recoverable volume could be teadily evajuated.

i

The site is situated on the Losi Angeles coastal plaia and underlain by aa allyvial
sequence of unconsoiidated, itr;ﬁglﬁtlod. laterally discontinuous deposits of saad, silty
sand, clayey silt and silty clay of Receat aad Upper Pleistocene age. A thin veaeer of
recent deposits immedistely. uaderiles the site. These deposits are diffieuit 10
distinguish from the underiying Upper Pleistocene deposits due to similarities in
lithology. ‘ !

Hydrocarbons. specifically gz'?seoi;. ‘were initially stored at the site as early as 1962.
The site remained in operation for a period of fifteen years aad then taken out of
operation in 1977 when'the facility owner discovered losses from storage structures at
the site. [Initially, six one-pump recovery wells and three moaitoring weils were
installed by the owner. E‘hc‘sfystcm,s operated throughout mast of 1977 and
approximately 38,000 barrels of gas-oil were recovered.

Recovery at the site ceased ear the end of 1977, and resumed sometime in 1979, and
operated intermittently ltor the period of one year although little g23-0il was recovered
during this period.

i

Ia late 1982, 2 coasultaac was retained to delineste the exteat of the hydrocarbon
plume and design and implement 2 recovery system. Initially, flve additional
monitoring wells were completed to characterize subsurface conditions. These
additional monitoring wells, in conjunction with the existing wells Installed by the
owner, were plotted, drafted ind planimetered. Although the lateral extent of the
hydrocarbon plume were.not defermined. total, available and recoverable volumes were
calculated. These calculations'were based upon:

0 Measured appareét free hydrocirbon product thickaess in the weti; and
o Laboutor‘y-derivéﬁd por‘ii*siilyi‘vllues from actual soil samples.

Volnmeiriic calculationsof total and available hydrocarboa for recovery was determined
by the empirical method ﬂ,u previously discussed.

A total voiume of 476,000 b,arf_elg. (bbls) was estimated to exist beseath the site: the
recoverable volume was estimated: to be 200,000 bbis. These estimates were based on
data collected from oaly thirtesn monitoring wells. . :

T’wo‘lwo-pump recovery wells were iastalled and put iato operation in 1983. Additional
moaitoriag weils were installed from 1983 to 198S (o provide further definition of the
plume’s dimensions. Duriag the late past of 1983, three additional two-pump recovery
wells were installed. An ;ddltlognl?% monitoriag wells were subsequently iastajled to
refine the iaitial volume estimates.: By tha ead of 1988, five recovery wells were in
operation and 89 moanitoring wells wers completed. Asof January 1988, 182,000 barreis

of gas-oil wag produced from the five recovery weils.



Additional volume caiculations were made utilizing the additional monitoring well data
aad productioa totals of existing recovery weils. The initial volumetric determination
did oot utilize the empirical method but rather straight forward volume determinations
based solely on appareat thickaess, Porosity sad expected recovery rates. The secoad
volume caiculations accounted for differeaces ia appareas versus acrual thicknesses
(Blake and Hail, 1984) and exaggérated thickaesses (Hall, et al., 1984). The original
recoverable estimate based upon 13 moaitoring wells was 200,000 barreis. A revised total
volume estimate of 310,000 (barreis was calculated based oa the additional data
genersted. Of the total volume, as ia the original estimate, 40 percent recoversbility
¥as assumed, and thus, 128,000 bbis were determined to be the revised recoverable
volume. With a present estimate of 128,000 bbis recoverable sad 182,000 bbls recovered
to date, the original estimate would' have beea 310,000 bbis recoverable. Thus, the
recovery system has removed about:58 percent of the recoverable hydrocarboa. A

summary of the volumetric cag‘lcnl_a'_up“l‘i’s; is presented in Table 3.
~ TABLE 3
‘ oo ‘ o
SUMMARY OF VOLUMETRIC CALCULATIONS

b
| CASE 'STUDY A

Number of | Eé’éinjé:ed Estimated Estimated

Monitoring, ' Total Recoverable Percent

Wells | (bbls) Volume (bbls) Recovered
Estimate 1 13 ‘476,000 = 200,000 .
Estimate 2 89 310,000 128,000 58

* Free hydroc‘a:boﬂn: #ecOVery not yet initiated.

Addiiional monitoring w‘e‘ils cchstrué-é?d havc increased the coverage of the area and
accounts for greater detsil in d]eillneat\’yi"n"g‘ the hydrocarboa plume. Thus. new areas of
hydrocarbon accumulations were discovered, resuiting in increased volume. reflecting

greater detail in coverage rathe} thaa (rom actual changes in hydrocarbon volume.
! Case Study B’

The site for Case Study Bisa relativeiy large, active refinery with a 125,000 barrel
per day crude capacity. The site has sn extensive tank farm ares comsisting of tens
of acres and a moderate size processiag area. The refinery has bees in existence for
over 70 years. Continual recharge of hydrocarboa to the existing plume volume is
likely due to the activity sad age of the facility. The site is situated on the western
edge of the Atlaatic coastal plais ia the Mid-Atlaatic region of the United States, aad
is immediately uaderiain by alluyial deposits comprised of latertayered silty sand and
clayey gravel, i k
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A variety of free hyd*}ocarbpn: products are produced aad stored at the facility. The
Major constituent of the hydrocarboa plume which underiles the site is fuei oil. The
facility’'s owner had Installed a series of moaitoriag and tecovery welis; however,
inaccurate productioa. records has made the inclusion of this data into this case study
impossible. As of early 1987; 69 existing monitoring wells were measured aad volumes
caiculated by the faé'illty.‘ ?‘[TTbo volumes are derived ia s straightforward method
accouating oaly for the appareat thicknesses measured Ia moaitoring wells. The
facility estimated that 141,000 bbis existed. Assuming about S0 percent recoverability,

71,000 bbls of the fuel oil was estimated as being recoverable.

Ia the latter part of 1987, seven additionsl mounitoring wells were installed, aquifer
lests coaducted, and jsoil samples snalyzed for porosity determination within the
hydrocarboa horizon. The empirical method to determine total volumes sad recoverable
volumes was then applied. Based upon data from 76 monitoriag wells, which indicated
a8 formation porosity of 20 percent and s specific yield of 0.22, aew total and
recoverable volume estimates were prepared. About 190,000 bdis of free hydrocarbon
product were estlmate;d to be present. Assuming 35 percent recoverability, the

recoverable volume wa% estimsted ac 66,500 bbis.

A two-pump recovery weil was put into operation during August of 1987. The recovery
well was located in an ares of the plume of maximum accumuiated thickness.
Approximately 2500 bbls of fuel oil were produced in four moaths. Ia early 1988, aii
moanitoring wells that had an"ic:an’ulat‘lon- of hydrocarbon were bail tested. The raw
fleld data from bail testing was graphed aad "true” thickness values were determined
for each monitoring well. The values were plotted, 2a inflection point selected, and a
“true” thickness evaluated for each moaitoring weil. The total volume and recovérable
volume based upon the "true® thickness were 67,000 aad 20,000 bbis, respectively, A
table summarizing totalignd ré:e‘avcrgblc volume estimates is preseated in Table 4.
Total and recoverable volume estimates were also made from the appareat monitoring
well thickness data collected during baii testing. This provided the values of empirical
verses field for direct comparison. The values were 101,000 bbis and 34,500 bbis for
total and recoverable volumes ;ﬁr;fesp?c_uvely (Table 4),

TABLE 4
ESTIMATED TOTAL AND RECOVERABLE VOLUMES

Method g Number of Estimated Estimated

(Date) - Monitoring Total Volume Recoverable
Wells (bbls) Volume (bbls)

Apparent Thickness &9 141,000 71,000

(Early 1987)

Empirical 76 190,000 66,500

(Late 1987) ‘ ; |

Field/bail-tasting gg 67,000 20,000

(Early 19s3)

Empirical . 88 101,000 - 34,500
(Early 1983) | . ,




Calculations aad com parisonswere then'tmade bétween total voiume, recoverable volume.
and actual production from the ares of lafluence of the recovery weil and amount of
actual recovered fuel oil. An area of laflueace coatour map for the recavery weil was
used as am overiay. The overiay was placed oa top of three hydrocarboa thickaess
maps. Total and recoverable volumes within the ares of Influence of the recovery weil

were thea calculsted. Results of these calculitions are presented in Table 5. The
estimated recoverable volumes tange (rom 3,270 to 11,600 bbls.

' TABLE S
ESTIMATED VOLUME! OF TOTAL AND RECOVERABLE

FREE HYDROCARBON WITHIN THE AREA OF INFLUENCE
_ | P i N | [

Method |  _ Estimated | Estimated

(Date) . | Total Volume Recoverable
(bbls) Volume (bbls)

Empirical | ., 19,500 5,800

Apparent Thickness!

(S5/87)

Field 11,000 ' 3,270

True Thickness (IR . S

(2/88) :

Empirical 38,700 : 11,600

‘Apparent Thickness

(2/88) j

y o
These estimates were thea compared to sctual recovery well production volumes. The
recovery weil produced 4050 bbis from startup to the time at which bail testing was
| was coanducted to the ead of Juae, 1988 the

coaducted. From the time bail Itesting
recovery well produced 4100 bbis, Estimated recoverable voiume based oa the field or

bail test mechod (Table 1) was 3270. Therefore, over 830 bbls were produced. in excess
of the bail test estimate. The recovery well Is still ia production and is currently

continuing at the same rate of pl;odu'cgirba.-

It does seem uni ! ,

hydrocarboa withia the area of influence of the recovery well could be oa the order of _
830 bbis. Although some ioss through pipelines and taak bottoms probably occurred,
2 major loss would have to occur 'to provide a volume of this magnitude. Additioas to
the.mluno via losses is problblc‘::: hbw‘efvori'd‘c‘t’crai.].' the actual coatributioa from
various sourcos is aot feasible. ‘
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SUMMARY AND CONCLUSION

Time (rames rorncénry of free hydrocarhoa_ products Is limited by oumerous factors
or estimates, and is often based on 22 educated guess. These factors or estimates have
iaaate compoundiag lerrors in relation to the followiag:

0 Accuracy of : phys,ig,al mesasurement where high viscosity aad emulisified
hydrocarbon is encouantered: '

° Ducrmigat’ion": of truo versus aplpar_eut thickness; .
!
o Validity of bail-dowa test for estimation of true thickness;

o Extrapolation iof gén,!Idgl:e aid hydrogeologic iaformation bciweu moaitoring
poiats; .

o Extrapolation Af hyd%cairbon ‘appa'nnt thickaesses between moaitoring points:
0 Averaging of arpargﬁi;t thicknesses for pl_a,nimeuring‘;‘ aad

o Estimation or aﬂs;umpfiioq for key factors including porosity, specific yield and
retention values. b :
i S 1

| AR

Oace 21 initia| estimated volume is determined, pilot testing of 2 recovery system is
igitiated to evaluate u«v,«;:, rates. However, factors which sigaifleantly affect
recovery rates iaciude' the aseail distribution and geometry of the free hydrocarbon
product plume, type(s) and design of fecovery system selected, and the performance
and efficiency of the s;;yst,en with time.

: i

Volume determinstions and subsequent time ‘frame for recovery of free hydrocarbon
product can be estimated. However, regulators at all levels aeed to be awsre of the
large number of compounding errors associated with these calculatioas. Thus, a
reasonable time frame for remediation is clearly an estimate.

The progress of recovery effl'bn_,s cannot be based confidently on (ree hydrocarbon
product thickaess maps. Although these maps provide quaatification of overail trends,
the sumerous factors which impaet hydrocarboa thicknesses make accurate quaatifica-
tica difficuit. Estimate of effectiveness thus is based on volume recovered ¢o date
divided by the total voiume that is considered recoverable. Furthermore, as the
fecovery project progresses and new data is introduced, the volume sad time frame
for recovery should be é'ou.tinu'ally reevaluated and revised.

In dotcrnini’u total auQ rtcoiﬁﬁitghlc volumes of hydrocarbon, the factor of recharge

to the volume is usdetermiaable, but realistic. From experience and the case studies
provided, developing a range of total sad recoverable volumes is suggested. A valid

way to determine this raage ‘lih;;"l, comparison of values geaerated from the empirical

and fleld (bail test) methods. ' Also as additional moaitoring well points are incor-

porated into the project, this new data needs to be coupled with existing dats zad

‘revised estimates made. i?Fla’_a,lly‘. comparisons of the estimated recoversbie volumes 1o

the recoverable volume c?asidltiu“all the variables iavolved.

b
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